Methyl-accepting chemotaxis protein-methyltransferase-deficient mutants, cheR mutants, of Escherichia coli showed a tumble response to repellents only at low temperatures, and the resultant tumbling lasted unless the condition was changed. The When motile bacteria detect a change in their environmental condition, they respond by changing their swimming patterns. Among organisms with such behavior, chemotaxis in Escherichia coli and Salmonella typhimurium and thermotaxis in E. coli have been analyzed extensively (for reviews, see references 4, 13, 19).
When motile bacteria detect a change in their environmental condition, they respond by changing their swimming patterns. Among organisms with such behavior, chemotaxis in Escherichia coli and Salmonella typhimurium and thermotaxis in E. coli have been analyzed extensively (for reviews, see references 4, 13, 19) .
In the case of chemotaxis, the binding of chemoeffectors to their specific receptors triggers the chemoresponse in bacteria. This chemosensory excitation step is followed by the step of sensory transduction, and the processed information somehow controls the swimming pattern of the bacteria; attractants induce smooth swimming and repellents induce tumbling. The swimming pattern of ligand-bound cells returns to the normal state by the function of the adaptation system of the cell. Quantitativd analysis on the relationship between chemoeffector concentration and the size of the response shows that the size of the response is determined by receptor occupancy (14, 28) . However, when the rate of change in the chemoeffector concentration is slow, the size of the response is related not directly to receptor occupancy but to the changing rate of receptor occupancy (3, 5) . The presence of the adaptation system is considered to be the reason for these complications.
In the case of thermotaxis in E. coli, thermal stimulus is supposed to be detected by a conformational change in a special thermoreceptor protein (15, 16) . Based on the finding that the thermosensory transducing pathway has an intimate relation to the chemosensory transducing pathway for Lserine, the L-serine chemoreceptor is a likely candidate for the thermoreceptor protein (15) . Consistent with this, the chemosensory adaptation system is used for adaptation to thermal stimuli (16) .
To avoid interference by the adaptation system in the analysis of the sensory excitation step (10, 32) . Furthermore, it has been established that sensory adaptation to most stimuli is caused by changes in the methylation level of relevant MCPs (26) . The methylation reaction of MCPs is catalyzed by a specific methyltransferase which is the product of cheR gene (27) , and the demethylation reaction of MCPs is catalyzed by a specific methylesterase which is the product of cheB gene (29) . Therefore, the mutants with defects in the methylation-demethylation system of MCPs show a failure of the chemosensory adaptation. In the case of the tight cheR mutants, the tumbling induced by the addition of repellents continued without significant adaptation (8, 21) . In the case of the cheB-deletion mutants, a recent report showed that the incessant tumbling of the mutant cells was suppressed by the addition of attractants and that the resultant smooth swimming continued without adaptation (33) . For (18) .
Thermoresponse. Temperature of the cell suspension on a glass slide was changed as described previously (15) , and the VOL. 159, 1984 
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on October 19, 2017 by guest http://jb.asm.org/ Downloaded from changes in the smooth-swimming fraction upon temperature change were analyzed as described above. The temperature of the cell suspension was directly monitored by inserting a thin constantan-chromel thermocouple into a drop of the cell suspension on a glass slide. RESULTS Effect of temperature on the repellent action in cheR mutants. It has been reported that the swimming pattern of adaptation-deficient mutants in cheR gene is mainly smooth and becomes tumbling upon the addition of repellents (8, 21) . However, temperature was found to be an important factor for the mutants in the inductiofl of tumbling by repellents. Figure 1 shows the swimming pattern of one such mutant, cheR217, at different temperatures in the presence or absence of a repellent, 30 mM of L-leucine. In the absence of Lleucine, cells showed mainly smooth swimming at both 22 and 35°C. In the presence of 30 mM L-leucine and at 22°C, almost all the cells showed vigorous tumbling, whereas most of the cells at 35°C showed smooth swimming even in the presence of the repellent. The tumbling at 22°C was continued for more than 30 min, indicating that the mutant was surely adaptation deficient. Similar results were obtained by using other repellents and by using a cheR-deletion mutant, RP1061 (Table 1) . Thus, the cheR mutants showed tumbling in the presence of repellents only at low temperatures and showed essentially no adaptation.
Chemosensory excitation in cheR mutants. Repellent-induced tumbling in cheR mutants was completely suppressed by the addition of attractants (8) . This suggests that the chemosensory excitation step in cheR mutants is functioning normally. We confirmed that even at 22°C, the repellenttreated cheR mutants immediately showed smooth swimming with the addition of attractants such as L-aspartate and L-serine, and the resultant smooth swimming was continued for more than 30 min.
When L-leucine-treated cheR217 cells at 22°C were mixed with various concentrations of L-serine, the tumbling frequency of the cells, which was expressed by the smoothswimming fraction, decreased with increasing concentrations of L-serine (Fig. 2a) . The decrease in tumbling frequency occurred nearly uniformly in most of the cells, and at L-serine concentrations higher than 10 ,uM, almost all of the cells showed completely smooth swimming. Thus, the tumbling frequency of the L-leucine-treated cheR217 cells was simply determined by the L-serine concentrations in the medium. The L-serine concentration necessary to give 50% of the smooth-swimming fraction was estimated to be about 3 puM (Fig. 2a) . This value is very close to the Kd value of Tsr protein to L-serine, which was reported to be about 3 to 5 ,uM (6, 10, 25) . Therefore, it is likely that the tumbling frequency of cheR217 cells under the conditions described above is directly determined by receptor occupancy. If this is the case, the curve shown in reported to interact specifically with Tsr protein, and their Kd values are estimated to be 5 mM for o-aminoisobutyrate and ca. 10 mM for L-homoserine (6, 10) . The concentration of oQ-aminoisobutyrate or L-homoserine necessary to give 50% of the smooth-swimming fraction was about 5 mM in either case and was very close to the reported Kd values described above (Fig. 2) . The cheR217 cells treated with a novel repellent, 0.5 M glycerol (18) , showed essentially the same relationship between tumbling frequency and attractant concentrations (Fig. 2b) . Thus, the tumbling frequency of cheR217 cells under the conditions described above is determined by receptor occupancy.
Further support of the above idea was obtained by using another In the case of L-aspartate and maltose, which are processed by Tar protein, the concentrations necessary to induce 50% of the smooth-swimming fraction in the L-leucinetreated cheR217 cells were about 1 A.M for both attractants.
The Kd values for their receptors were reported to be about 5 FM for L-aspartate and 1 F.M for maltose (6, 31) .
A similar relationship between tumbling frequency and attractant concentration was observed by using a cheRdeletion mutant or by treating the cheR217 cells with the repellent mixture (0.3 mM indole-17 mM L-leucine-17 mM sodium acetate pH 7.0) (7) (data not shown). It is noteworthy, however, that the concentration of the repellent is an important factor for the relationship. With increasing repellent concentrations, the concentration of attractants necessary to induce a half-maximal response was clearly increased. For example, in the presence of 0.5 M glycerol, the cheR217 cells showed smooth swimming at 10 FM L-serine, whereas in the presence of 1 M glycerol, about 1 mM Lserine was required to induce smooth swimming in most of the cells.
Thermosensory excitation in cheR mutants. When the temperature of the cell suspension of L-leucine-treated cheR217 cells was raised from 22 to 30°C, most of the cells became smooth swimming, and the resultant smooth swimming was continued for more than 30 min. Tumbling was induced again by lowering the temperature to 22°C. Figure 4 shows that repeated changes in temperature between 22 and 30°C resulted in repeated changes between tumbling and smooth in the swimming pattern of L-leucine-treated cheR217 cells. In the absence of L-leucine, the swimming pattern of the cells was not affected by the changes in temperature. Similar results were obtained by using other repellents and a cheR-deletion mutant. These results confirmed that temperature is a determinant of the swimming pattern of the repellent-treated cheR mutants and that the mutants show practically no adaptation to the repellents.
Since E. coli cells have the ability to sense temperature change as a stimulus (15, 16) , it is reasonable to infer that this (Fig. 6 ). In the presence of 1 mM L-serine, however, the addition of 10 ,LM L-aspartate caused smooth swimming in most cells (Fig. 6a) cells (Fig. 6b) . The concentration of L-serine for a halfmaximal response was about 0.2 mM, which is close to the Kd value for L-serine at the low-affinity site of Tsr protein (Kd = 0.3 mM) (25) . Under these conditions, other attractants such as a-aminoisobutyrate and L-homoserine up to 10 mM or D-ribose up to 1 mM had no effect. The swimming pattern of the cheB-deletion mutant was not affected by the temperatures tested. The addition of a mixture of 0.1 mM L-serine and 10 ,uM L-aspartate caused some smooth swimming in the mutant. Even under these conditions, however, temperature had no effect on the swimming pattern of those cells. Thus, the cheB-deletion mutant seems to have a defect in the thermosensory excitation step. DISCUSSION
The swimming pattern of the adaptation-deficient mutants was found to be determined by the absolute concentration of chemoeffectors, and the resultant swimming pattern was fixed unless the condition of the cell suspension was changed. Under some conditions, receptor occupancy of attractants was a determinant of the tumbling frequency of these mutants. The MCPs in cheR and cheB mutants are reported to be unmethylated and highly methylated, respectively (11) , and the swimming pattern of the cheR mutants without any stimulus is mainly smooth, whereas that of the cheB mutants is tumbling. Based on these results, Parkinson and Hout (20) suggested that the MCPs themselves have the ability to produce the signals to determine the swimming pattern; unmethylated MCPs produce mainly a smooth-swimming signal and methylated MCPs produce mainly a tumbling signal. Recently, it has been reported that Tsr and Tar proteins have dual functions as chemosensory transducers and chemoreceptors (10, 32) . This means that these MCPs can directly bind chemoeffectors and that the ligand-bound MCPs produce the signals to determine the swimming pattern; attractant-bound MCPs produce a smooth-swimming signal and repellent-bound MCPs produce a tumbling signal. Since the tumbling frequency of both cheR and cheB mutants under some conditions can be determined by the receptor occupancy of attractants, the smooth-swimming signal is considered to be produced in proportion to the amount of attractant-bound MCPs, regardless of their methylation level. Thus, the swimming pattern of the adaptationdeficient mutants in the presence of various chemoeffectors is apparently determined by the sum of the signals: one from the MCPs without any ligand and the other from the MCPs with ligands.
We can explain most of the data presented in this report on the basis of the above idea (Fig. 7) . In cheR mutants, all the MCPs in the cell, that is, Tsr, Tar, and Trg proteins, are unmethylated and produce the smooth-swimming signal, and so the addition of a repellent is necessary to induce tumbling in the mutants. At a suitable concentration of the repellent, the tumbling frequency of repellent-treated cheR cells is simply determined by the receptor occupancy of attractants (see Fig. 2 and 3) . In a cheB-deletion mutant, all three kinds of MCPs in the cell are highly methylated and produce a strong tumbling signal, so that the addition of an attractant specific to one kind of MCPs Fig. 6 ). The contribution of Trg protein might be small in all the cases, since the amount of Trg protein in the cell is only about 10% of the total MCPs (9).
In the case of wild-type cells, the adaptation system, namely, the methylation-demethylation system, somehow controls the methylation level of MCPs to maintain the signal at a constant level, so that the swimming pattern after adaptation to a chemoeffector is essentially the same as that before the stimulation. This situation is probably important for the cells to selectively detect a small change in a chemoeffector concentration out of the constant concentrations of many other chemoeffectors. The adaptation system is also effective in increasing the detectable range of the attractant concentration in the medium. It is noteworthy that wild-type colls can adapt to the combined stimulation of high concentrations of L-serine and L-aspartate and show a normal frequency of tumbling after the adaptation, indicating that the methylation of MCPs has enough power to neutralize the strong attractant stimuli. In contrast, cheB-deletion mutants under these conditions show continuous smooth swimming, although their MCPs are also highly methylated. These results may imply that the methylation state of MCPs in the cheB mutant is different from that of MCPs in wildtype cells which had been adapted to strong stimuli. The difference may be related to the cheB modification, which increases the methylation sites in MCPs by the deamination of specific glutamine residues so that MCPs in wild-type cells have more methylation sites than those in cheB mutants (23, 24) . It is, therefore, reasonable to assume that MCPs in wild-type cells have more ability to neutralize attractant stimuli than those in cheB mutants.
In addition to chemoeffectors, temperature was found to be another determinant of the tumbling frequency of the repellent-treated cheR mutants. In the case of wild-type cells, temperature changes cause a temporary response (16) . In contrast, absolute temperature was a determinant of the swimming pattern of cheR mutants, and the resultant swimming pattern was fixed unless the condition was changed. We have proposed that a likely candidate for a main thermoreceptor is the L-serine chemoreceptor and that thermal stimulus is sensed by a conformational change in this receptor protein (15) . Since Tsr protein itself is identified as the Lserine chemoreceptor (10, 32) , Tsr protein is now considered to be a main thermoreceptor. Recently, we found that Tar protein also has a certain role in thermoreception (T. Mizuno and Y. Imae, J. Bacteriol., in press). It is likely, therefore, that these MCPs are the thermoreceptor proteins and that their conformation is different at different temperatures. In the case of the cheB-deletion mutant, the swimming pattern was not affected by any temperature change. The result is consistent with our previous data, in which the point mutants in the cheB gene showed no thermoresponse (15) . These results may indicate that the highly methylated MCPs have no ability to show any conformational change upon temperature changes.
Recently, Stock et al. (30) reported that the cheR mutants showed a very weak response to repellents and that the response was temporary. We think that the reason for the weak response to the repellents is simply the temperature that they used; all of their experiments were carried out at 30°C, so the repellent response could be masked by the thermoresponse (see Table 1 ). The adaptation phenomenon that they observed may have some relation to the cheB modification suggested by Kehry and Dahlquist (11) . How-VOL. 159, 1984 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from ever, we found that frequent single-colony isolation was required to maintain the cheR217 cells in a condition of no adaptation to repellents. This may indicate that some methylation-independent adaptation systems easily appear to compensate for the absence of the methylation-dependent adaptation system (2, 22, 30) .
The cheB-deletion mutant, RP4953, showed only a slight response upon a single addition of L-aspartate or L-serine, and the addition of L-aspartate together with L-serine was necessary to induce smooth swimming in most cells. However, by using another cheB-deletion mutant, RP1075, which is lysogenic for a temperature-sensitive X transducing phage, Yonekawa et al. (33) reported that the single addition of Lserine at 0.1 mM induced smooth swimming in most cells but that the single addition of L-aspartate up to 1 mM did not, and that the combined addition of L-serine and L-aspartate caused a ca. 10-fold decrease in the concentration of L-serine necessary to induce smooth swimming. The reason for the difference between the results obtained with different cheB mutant strains is not clear, but these two mutant strains may have some differences in the relative amount of Tsr and Tar proteins or in the polarity effects of the mutations.
